The aim of this work was to experimentally evaluate the use of calcium carbonate as a poregenerating agent in ceramic compositions. Compositions that contained 50% kaolin, 20% limestone, and different concentrations of quartz and feldspar were prepared by uniaxial pressing. Samples were heat-treated at a heating rate appropriate to induce calcium carbonate degassing, and they were then sintered at 800, 900, and 1050 °C. Tests of X-ray fluorescence, thermogravimetric analysis, porosimetry, and air permeation were performed. The composition (wt%) that contained 50% kaolin, 20% limestone, 20% feldspar, and 10% quartz and heat treated at 1050 °C (k 1 = 1.73×10 -13 m 2 and k 2 = 1.00×10 -8 m) showed the highest level of permeability among the investigated samples. Fluid dynamics simulations showed that the prepared samples would exhibit a pressure drop greater than the range desired for applications that involve the filtration of aerosols, but alternatively would be suitable as substrates for asymmetric membranes in microfiltration applications.
Introduction
Porous ceramic materials are of great industrial interest because of their unique properties over a wide temperature range, such as their high chemical inertness, low thermal conductivity, high compressive strength, and high hardness, among other properties. These properties make porous ceramics useful in a variety of applications, including filters 1 , membranes 2 , sensors 3 , low-weight structural materials 4 , insulators 5 , biomaterials 6 , and catalyst supports 7 . In such applications, the porous ceramics are designed to exhibit different size distributions and pore morphologies 8 . For example, porous ceramics based on silicon carbide (SiC) have recently received significant attention from researchers due to their excellent structural properties, high thermal shock resistance, high hardness, and mechanical and chemical stability, particularly at high temperatures and in harsh environments. Because of these properties, such materials have been considered promising candidates for use as catalyst supports, gas sensors, thermal insulators, and other related applications 9 . Because of their physicalchemical characteristics, porous ceramic materials can also be used in environmental applications, such as sensing and the remediation of effluents through selective adsorption of chemical species 10 , and in engineering processes as substitutes for metallic and polymeric materials, especially those used at high temperatures 11 
.
The energy economy is a very interesting advantage of the separation processes that involve porous ceramics because, in most cases, the ceramics promote separation without a phase change, and such processes are therefore energetically favorable. Moreover, the difficulty in reproducing results with porous ceramic materials is the main limitation of its use 12, 13 . In this sense, various methods of preparing porous ceramics have been evaluated in recent years in attempts to obtain materials with complex geometries and microstructures designed for specific applications without the need for a machining step 10 . With respect to porous ceramics, one of the oldest and still widely used preparation methods is related to the incorporation of organic products inside the ceramic bodies, which are removed during the heat treatment step. In this way, pores of different sizes are generated into the material depending on the particle size of the organic material inserted into the ceramic body 14 . Several known methods for the processing of porous ceramics also exist, such as the polymeric sponge method, the gel-casting method applied to foams, the incorporation of organic products to the ceramic powder, and the generation of bubbles in the suspension, which is associated with the control of the sintering conditions with the objective of achieving partial densification of the material 15 . The so-called direct forming techniques, which are based on ceramic bodies obtained from powder suspensions (slurries) in waterproof moulds, are also known. Therefore, microstructures with different pore sizes, which can vary over a wide size range from a few nanometers to some millimeters 16 , are obtainable. The processing method of porous ceramics based on the generation of gas bubbles in the ceramic suspension is related to the use of bubble-forming agents 17 , typically calcium carbonate, calcium hydroxide, aluminum sulfate, and hydrogen peroxide.
In this sense, the determination of the permeability of porous ceramics plays an important role and allows an evaluation of how easily a fluid permeates a porous media in relation to the structural characteristics of the medium, such as porosity, size and pore shape, and tortuosity, among other factors. Tortuosity, in particular, represents the ratio of the path in which the fluid travels into the pores and the thickness of the porous element [18] [19] [20] . Greater tortuosity in a porous medium allows a larger area of interaction between the layers of fluid and the pore walls. For example, in the case of ceramic substrates for use as catalysts, a change in the tortuosity may be used to increase the residence time of the reaction medium. Moreover, a compromise exists between the permeability and the mechanical behavior of the porous medium, particularly the compression strength, so that the structural demands of the system may be achieved. Permeability is also useful to quantify the power required to force a gas or a liquid to percolate a filtering membrane or a catalytic substrate in economical rates.
The experimental evaluation of the permeability of a porous material is based on equations that relate the dependence of the pressure drop (∆P) and the superficial velocity (v s ) of the fluid. The Forchheimer equation represents a reasonably accurate empirical expression to describe the resistance to fluid flow in porous media
where ∆P is the pressure drop calculated for compressible fluids (gas and vapors) using Equation 2:
where P e and P s are the absolute pressure of the fluid in the inlet and outlet of the sample, respectively, L is the sample thickness in the direction of flow, and µ and ρ are the absolute viscosity and the density of the permeating fluid, respectively. The parameters k 1 and k 2 represent properties of the porous medium and do not depend on the type of fluid or the flow speed. These parameters are known as the Darcian permeability coefficient and the non-Darcian coefficient, respectively 18 . The Forchheimer equation is based on the assumption of continuous media, which is valid if the mean free path of the molecules of gas is significantly smaller than the dimensions of the permeable pore. This equation indicates that the pressure drop that results from the flow is the sum of two coexisting contributions; however, these contributions change in intensity as the fluid velocity increases. The term linear in velocity [µv s /k 1 ] represents the energy dissipation due to the simple viscous action (friction). With increasing velocity, the curves, contractions, and extensions of the permeable channels generate secondary flow patterns, distortions in the pressure, and velocity fields on a microscopic scale. These effects enhance the dissipation of energy. This increase in dissipation leads to a nonlinear increase in the pressure drop, represented by the quadratic term in velocity [ρv s 2 /k 2 ] [21] [22] [23] [24] [25] [26] . The permeability coefficients k 1 and k 2 are therefore parameters of proportionality that influence the viscous (linear) and inertial (quadratic) contributions to the total pressure drop (∆P). Notably, k 1 is expressed in square length dimensions, and k 2 is expressed in length dimensions to maintain dimensional consistency in Equation 1 .
Knowledge of the permeability coefficients k 1 and k 2 of a ceramic material is important because they are intrinsically related to the characteristics of the porous structure, such as the quantity, size, and morphology of the voids available for the fluid flow. Changes in the processing variables can increase interconnected porosity and pore size or can decrease the tortuosity and the roughness of the pores. These changes will result in an increase in k 1 and k 2 , although the magnitudes of the changes will differ 18, [27] [28] [29] . Permeation is also highly susceptible to phenomena induced by the temperature during the processing of porous ceramic materials. Drying and sintering of green bodies are thermal processing steps that cause irreversible changes in the permeable porous structure. These phenomena occur through a reduction in the number of voids (due to densification) or through the creation of new voids and interconnections due to stresses caused by thermal expansion (microcracks) or even by the expansive removal of volatile and organic compounds (debinding and dehydration). The extent of these structural modifications on the permeability coefficients can be easily evaluated via permeability tests at room temperature before and after the heat treatments 18, 28 . Thus, this paper presents experimental results of permeability, porosity, and microstructure characterization related to the use of carbonates as pore-generating agents in different ceramic compositions.
Material and Methods

Preparation of formulations
Four compositions were used in this study, as shown in Table 1 . They were prepared using appropriate amounts of raw commercial powders (diameter less than 37 µm) provided by Colorminas Colorifício e Mineração (Criciúma, Santa Catarina, Brazil). Each composition was homogenized for 15 min in a cylindrical wet ball mill that was internally coated and contained porcelain balls (33 wt% water content in the suspensions). Then, each suspension (slurry) was dried in a laboratory drier at 100 ± 5 °C for 4 h. Each composition was subsequently humidified up to 7 wt% to obtain wet powders. Each powder was then passed throughout a 35-mesh ASTM sieve (aperture of 500 µm). The powders were then pressed in a uniaxial hydraulic press (steel die, pressure of 25 MPa) to obtain cylindrical pellets (27 mm in diameter and 12 mm thick).
Heat treatment
The thermal decomposition of the employed compositions was evaluated using thermogravimetric analysis (TGA Q500, TA Instruments, New Castle, USA, 10 °C.min -1 in air). The degassing temperatures of the samples were defined from the obtained thermograms. A sample of each compacted body was subjected to optical dilatometry (HSM DDHT Misura  1400, Expert System Solutions, Modena, Italy; 5 °C.min -1 in air) to determine the dimensional behavior (∆L/L o , linear shrinkage, LS) of each sample with respect to temperature, i.e., to determine the sintering plot. After, the degassing and sintering temperatures were determined, the other compacted bodies were heat-treated in a laboratory kiln at 80, 350, 400, 450, 550, 650, 750, and 800 °C (5 °C.min -1 heating rate and 30 min holding time) and subsequently at 800, 900, and 1050 °C (10 °C.min -1 heating rate and 5 min holding time).
Physical characterization
The heat-treated test bodies were characterized using a variety of techniques. The chemical composition was determined by X-ray fluorescence spectrometry (XRF, Philips PW 2400, Eindhoven, The Netherlands). The relative densities of the green samples and sintered samples were calculated according to the ratio between the apparent density, as measured by immersion in mercury (Archimedes' principle) at 20 °C, and the theoretical density of the solids, as determined by pycnometry. From the values of the apparent density (ρ a ) and theoretical density of the solids (ρ s ), the porosity (ε) of each body was determined according to Equation 3 [30] :
The microstructural analysis of the sintered samples was performed using a scanning electron microscope (SEM, Jeol JSM-6390, Tokyo, Japan). The samples were transversally cut, ground, and polished with 1 mm alumina paste and then coated with a thin layer of a gold film for observation.
Fluid dynamics characterization
In this work, the air permeability tests were performed on samples heat-treated at different temperatures and with different formulations. Initially, each sample was dried in a laboratory drier at 100 °C and was stored in a dry chamber that contained gel silica. To avoid air side leakage during the permeation test, the cylindrical lateral edge of each sample was sealed with silicone adhesive. For the test, the sample was fixed between two flexible rubber rings and was compressed within a cylindrical sample holder. The useful diameter for air flow in the test was 1.5 cm, which corresponds to a flow area of 1.77 cm 2 . After the sample holder was sealed, air from a compressor that was previously dried in a cylinder with gel silica was forced to flow through the sample. Table 2 shows the typical conditions for the tests.
The resulting flow rate was controlled using a valve and was measured by a flow meter or by a bubble meter after air was passed through the sample. The air pressure drop was measured before and after the sample using a digital micro manometer. Measurements of the resultant pressure drops were performed for each flow rate. At least ten pairs of flowrate and pressure data were collected. The air superficial velocity (v s ) was determined by dividing the flow rate (Q) by the flow area (A): v s = Q/A.
Results and Discussion
In the compositions tested in this study, the content of the pore-generating agent (calcium carbonate) was kept constant while the amount of flow agent (feldspar) was varied to control the sinterability and the amount of closed porosity. Table 3 shows the chemical compositions of the samples employed in this study after heat treatment at 1050 °C. The major differences in composition are related to samples C-2 and C-4 because of the differences between feldspar and quartz contents. The contents of silica (SiD 2 ) and alumina (Al 2 D 3 ) were 61.08 and 16.93 wt%, respectively, for sample C-2 and 67.22 and 11.97 wt%, respectively, for sample C-4. Furthermore, alkaline earth oxides (CaD + MgD) were added by means of the addition of calcium carbonate, which was chosen to act as pore-generating agent (open porosity). The alkaline oxide contents (Na 2 D + K 2 D) are due mainly to the addition of feldspar and ranged from 5.15 wt% (C-2) to 3.24 wt% (C-4). The inclusion of these oxides is important to reduce the sintering temperature of the compositions during the formation of the viscous liquid phase during heat treatment 31 . All of the compositions employed showed residual volatile material at 1050 °C, which was most likely due to non-reacted calcium carbonate. Figure 1 shows the thermogram (TGA) for composition C-1; however, the same result was obtained for the other compositions because the limestone content was the same in all of the samples.
The total weight loss was approximately 15 wt% because of the initial moisture content of the powder and because of the carbon dioxide content in the calcium carbonate, which is the major constituent of the limestone used. Based on the TGA results, two heating rates were employed: one up to 800 °C and the other at higher temperatures. Consequently, the heating program discussed in Section 2.2 was used for all of the investigated compositions to promote degassing and sintering of the samples. However, it is important to consider that the TGA tests were performed using a small sample (approximately 27 g) under conditions of thermal equilibrium at the heating rate used. In contrast, larger samples that were compacted using a hydraulic press were used for the heat treatment in a laboratory kiln; i.e., the sample preparation conditions differed significantly from those used for the TGA tests. Therefore, to guarantee comparable results for the samples used in the TGA tests, i.e., to eliminate all volatile material from the samples, we used higher temperatures in the kiln and/or a longer residence time in the temperature range where degassing occurred. In fact, Table 3 shows very low values for loss on ignition (LDI). We therefore concluded that the thermal program used in the laboratory kiln produced the same results as those used in the TGA tests. Figure 2 shows sintering plots (LS × T) of compositions C-2 and C-4, which reveal the following thermal events: a) 840-870 °C: onset of the sintering process (densification); b) ~ 930 °C: ending of the sintering process; c) 1030 °C: onset of the expansion process; and d) 1160 °C: onset of fusion.
As evident in Figure 2 , the sintering process started at the end of the degassing process of the material, which occurred over a temperature interval of 80 °C. After the temperature interval between 930 and 1030 °C, a dimensional stability was observed from which strong expansion occurred in the material. Thus, temperatures of 800, 900, and 1050 °C were selected for the preparation of the samples.
Notably, the degassing process of the limestone and the expansion of material from 1030 °C must have significantly modified the microstructure, particularly the porosity, of the obtained materials. In fact, the effects of these processes on the microstructure of the material are evident in Figure 3 , which shows SEM micrographs obtained of the compositions sintered at 1050 °C. This figure shows that two types of pores are typically observed: nearly spherical pores with diameters that range between 4 and 10 µm and irregularly shaped pores with diameters that vary between 15 and 30 µm. The former pore type must be related to degassing of the calcium carbonate particles, whereas the latter type is related to the residual porosity of the pressing process; the irregular pores were not removed during sintering. In this case, the time and temperature employed during the heat treatment of the samples were not sufficient to eliminate such porosity. Figure 4 shows that the porosity increased as the sintering temperature was increased for all of the investigated compositions, which is opposite the behavior described in the literature 32 . Thus, the densification of the ceramic structure during the sintering has likely been compensated by other thermal phenomena, such as degassing, and by the occurrence of microcracks due to thermal expansion. Figure 5 shows air permeation plots of samples C-2 and C-4, although compositions C-1 and C-3 showed the same behavior. The tested air velocity range (0 to 0.10 m.s -1 ) is typical of those used in applications that involve aerosol filtration 27 . The fit of the Forchheimer equation to a parabolic function was satisfactory, with correlation coefficient (R 2 ) greater than 0.999 for all of the curves. However, a certain inhomogeneity was observed in some compositions, as demonstrated by the data dispersion of ∆P/L as a function of v s . In general, the pressure drop (∆P/L) decreased as the heat-treatment temperature was increased. Figure 6 confirms the permeability of the investigated samples increased with the increased sintering temperature, which indicates that structural changes occurred in the porous medium. A comparison of Figure 4 and 6 reveals that the increase in porosity was one of the reasons for the progressive increase in permeability. A similar tendency was observed for the coefficients k 1 and k 2 for all of the investigated compositions. The differences in permeability between the investigated compositions were sharper when the sintering temperature was increased. The highest permeability was obtained for the composition prepared with a lower feldspar content and a higher quartz content (C-4) that was heat-treated at 1050 °C.
As evident from the data shown in Figure 7 , the samples investigated in this work exhibited permeability levels compatible with their application in microfiltration. Only composition C-1 showed permeability coefficients (k 1 = 1.73 × 10 -13 m 2 and k 2 = 1.00 × 10 -8 m) in good agreement with those used in granular and fibrous filters for aerosols. The most suitable k 1 and k 1 values for this application are on the order of k 1 ≈ 10 -11 m 2 and k 2 ≈ 10 -6 m [27] . The relative importance of the coefficients k 1 and k 2 to the analysis of permeability of a porous medium for a given application depends on the term that dominates the pressure drop over the flow, as specified in Equation 1. Thus, this analysis depends not only on the fluid velocity but also on its properties (density, viscosity) and the values of the coefficients k 1 and k 2 . A useful criterion for this analysis is provided by the dimensionless group named Forchheimer number (Fo), which is defined as 18 :
The parameter Fo represents the ratio between the inertial forces and the viscous forces over the pressure ( )
Given that the total pressure drop through the porous medium is the sum of the viscous and inertial contributions, then:
Therefore, according to Equations 1, 5, and 6, the relative contributions of the inertial and viscous terms for the pressure drop can be determined by:
Thus, for Fo << 1, only the coefficient k 1 is relevant, and Forchheimer equation (Equation 1 ) reduces to the Darcy law, in which ∆P ≈ ∆P viscous : However, for Fo >> 1, the pressure drop in the porous medium will present a purely quadratic dependence on the fluid velocity, in which coefficient k 2 (∆P ≈ ∆P inertial ) predominates. In this case, Equation 1 is simplified to:
For intermediary values of Fo, both inertial and viscous terms are relevant for the analysis of the pressure drop, and the complete Forchheimer equation (Equation 1 ) should be used. For reference, Table 4 shows the simulated values of Fo, the total pressure drop (∆P), and the inertial and viscous contributions to the air permeation in a typical application of an aerosol filter at room temperature and pressure (T = 25 °C, P o = P atm = 760 mm Hg, ρ ar = 1.19 kg.m -3 , µ ar = 1.86×10 -5 Pa.s). The chosen air velocity for the simulation was 2 cm.s -1 ; this value is typically used in the removal of fine particulate material by ceramic filters 27 . As evident from the results in Table 4 , for v s = 2 cm.s -1 , the pressure drop to the air flow for samples with a thickness of approximately 12 mm ranged from 25,423 to 189,029 Pa (250-1890 cm water column). Comparatively, these values are still significantly higher than those exhibited by commercial fibrous ceramic filter elements (1,000 to 2,000 Pa) operating in similar flow conditions 27, 33 . Notably, however, the pressure drop exhibits an inertial contribution that is typically less than 5% in most compositions, which indicates the validity of Darcy's law to a velocity of up to 2 cm.s -1 . Even though the developed ceramic compositions C-1 to C-4 were found to be incompatible with aerosol filtration applications due to the high pressure drop level, they still could act suitably as semi-permeable physical barriers (membranes) for other pressure-driven separations, including clarification, concentration or fractionation of process liquid streams [34] [35] [36] . The appeal of ceramic membranes for component separation is in situations of high pressures and temperatures, mechanical wear, exposure to organic solvents and other harsh chemical environments where polymeric membranes would fail 37 . Filtration processes can be divided into five broad classes depending on the dimensions of the component to be separated: Particle filtration (PF), Microfiltration (MF), Ultrafiltration (UF), Nanofiltration (NF) and Reverse Osmosis (RO). PF refers to conventional media filtration, while the other four types are referred to as membrane filtrations. MF membranes are used to separate suspended particles (bacteria, protozoa, larger colloids, precipitates and coagulates) with diameters between 0.1 and 10 µm and are typically used in the production of drinking or process water. UF membranes are capable of retaining macromolecules (such as polysaccharides, proteins, sugars and polymers) with sizes ranging from 3 to 100 nm (or molecular weight ranging from 10,000-500,000 Da). NF membranes are able to remove contaminants smaller than 1 nm or soluble substances with molecular weight larger than 200 Da and are suitable for water softening and removal of pesticides, heavy metals, nitrates and odor or color substances in water treatment stations. RD membranes can effectively remove nearly all inorganic contaminants smaller than 0.1 nm or with molecular weight below 200 Da and are employed for desalinization of sea water, concentration of fruit juices and disinfection of drinking water 38, 39 . The permeation analysis of filtration membranes is typically based on Darcy's law, even though a specific terminology is employed to designate the relationship between pressure drop and the resulting fluid velocity 34 : It can be noted from inspection of Equations 9 and 11 that R m relates to the Darcian permeability coefficient k 1 by:
in which L [m] is the membrane thickness. Since membranes are processed according to a variety of configurations (tubular, spiral, flat-sheet or hollow-fiber arrangements) and thicknesses, their permeation features are better compared through the ratio J v /∆P, rather than through the flow resistance (R m ).
Despite some divergences in the literature [34] [35] [36] [37] [38] [39] , typical permeation ranges for commercial filtration membranes are given in Table 5 . For comparison purposes, Table 5 Table 4 .Although samples C-1 to C-4 were not analyzed by mercury porosimetry, a rough estimate of their average pore size (d pore ) can be obtained by Ergun-like equations, which relate the permeability coefficients k 1 and k 2 with the apparent porosity of the medium (ε). Originally, Ergun equations were derived for packed columns of loose multisized particles/grains/fibers with an average particle diameter (d p ) [40] . However, for porous media in which the solid matrix is continuous and the constitutive particles/grains/fibres are not individually recognizable, similar relationships can be derived by replacing dp by the average pore or cell size (d pore ). In the present case, considering that only the Darcian coefficient k 1 is required for flow analysis (validity of Darcy's law), then Table 5 . It is observed that while all samples presented permeation ranges higher than that typically found for microfiltration membranes and also presented pore sizes compatible with this application. Therefore, such compositions could be employed as substrates for asymmetric ceramic membranes or even microfiltration membranes for removal of particulate from liquid suspensions.
Conclusions
A study of the effect of calcium carbonate addition on a ceramic composition was performed to produce porous structures with sufficient permeability to allow their use in fluid dynamics applications. The results showed that the addition of limestone to a concentration of 20 wt.% caused an increase in porosity among the investigated compositions. This increase was due not only to the generation of pores by the degassing process of calcium carbonate from approximately 490 to 750 °C but also due to the material expansion that occurred at approximately 1030 °C. Airflow tests conducted at room temperature indicated that the permeability coefficients k 1 and k 2 were approximately 10 -13 m 2 and 10 -9 m, respectively. An increase in the heattreatment temperature from 800 to 1050 °C resulted in an average 3-fold increase in the values of k 1 and a 6-18-fold increase in k 2 . The composition prepared with 50 wt.% kaolin, 20 wt.% limestone, 20 wt.% feldspar, and 10 wt.% quartz that was heat treated at 1050 °C showed the highest permeability (k 1 = 1.73×10 -13 m 2 and k 2 = 1.00×10 -8 m). Performance simulations performed with the samples showed that the Darcy's law is valid for applications in air flow at room temperature and pressure and at air velocities of less than 2 cm.s -1 . However, the obtained pressure drops are still higher than those recommended for aerosol filtration applications. Nevertheless, all compositions were found to present suitable permeation and pore size features to be used as substrates for asymmetric membranes or even microfiltration membranes for removal of suspended particles from liquid suspensions.
